In adult humans, renal glomerular capillaries produce a nearly protein-free ultrafiltrate of plasma at the prodigious rate of 120-180 liters per day. The postglomerular microvasculature of the kidney is similarly specialized, providing for the return of massive amounts of reabsorbed glomerular filtrate back into the vasculature. Peritubular capillaries also deliver sufficient oxygen to support the ion transport work of renal tubular epithelial cells. Failure of the glomerular capillary bed, whether mediated by inflammation as in glomerulonephritis, 1 disordered remodeling in diabetic nephropathy, 2 or underlying genetic faults that produce glomerular malfunction, 3 not only alters permselective filtration, but also leads to regression and rarefaction of the postglomerular peritubular microvasculature. Loss of perfusion, toxicity of filtered proteins, and inflammation all contribute to tubular and peritubular microvascular atrophy. 2 In the setting of transplantation, ischemic acute kidney injury in combination with direct inflammatory damage to the peritubular capillary endothelium also lead to capillary dropout. 4 This rarefaction of the peritubular capillary network, in turn, results in tissue hypoxia and is a central component of chronic progressive renal fibrosis. It has been suggested that an inadequate angiogenic response to hypoxia may underlie microvascular rarefaction in chronic kidney disease (CKD), but the mechanisms that lead to the apparent imbalance between angiogenesis and fibrosis in CKD are as yet poorly understood. Although the contributions of tubular epithelial cell damage, activation of myofibroblast proliferation, and the role of pericytes in renal fibrosis have been studied in some detail, microvascular repair and angiogenesis mechanisms in CKD need urgent attention.
PERITUBULAR CAPILLARY REGRESSION
In developing embryos and during wound healing, immature capillaries are regularly removed by spatially and temporally controlled mechanisms that have evolved to match blood supply to tissue oxygen demand. Similarly, in adult tissues, balanced angiogenesis and capillary regression (Figure 1 ) maintain the appropriate relationship between capillary density and oxygen requirements. 5, 6 A major stimulus for capillary regression is the absence of blood flow. Blood flow produces mechanical shear forces at the apical surface of endothelial cells, facing the vessel lumen, that elicit powerful survival signals. Laminar shear activates growth factorindependent phosphorylation of the pro-survival signaling kinase Akt and is one of the strongest inhibitors of endothelial cell apoptosis. Shear stimulates pro-angiogenic nitric oxide 7 as well as vascular endothelial growth factor (VEGF) and VEGFR2 expression in capillary endothelial cells, and activates NADPH oxidase-dependent physiological signals that are disturbed by cessation of flow. 8 When shear forces cease, as in peritubular capillaries when glomerular perfusion fails, 9 execution of endothelial cell apoptosis programs, in part through activation of the Fas-FasL signaling pathway, loss of appropriate signals from the extracellular matrix, and supporting pericytes as well as macrophage-mediated processes remove the unperfused capillaries. The mechanisms that lead to capillary regression have been studied in detail in the wound-healing response. 10, 11 However, in the kidney, peritubular capillary regression, when flow in the postglomerular capillary system fails, has received little attention.
Direct injury of peritubular capillaries by inflammatory mechanisms also leads to capillary rarefaction in humans, particularly in the setting of transplantation. 12 The peritubular capillary endothelium is the main target for chronic antibody-mediated rejection, resulting in microvascular rarefaction and chronic progressive fibrosis. 4 Antibodyantigen-mediated endothelial injury in this setting is complement dependent, and results in activation of endothelial cells, which become pro-thrombotic, facilitate platelet and leucocyte adhesion, and undergo complex intracellular mechanisms that can lead to apoptosis. 13 Peritubular capillary regression and interstitial fibrosis are also observed in response to direct tubular epithelial cell injury. For instance, chronic ureteral obstruction results in tubular atrophy, tubulointerstitial fibrosis, and peritubular capillary rarefaction 14 , although glomerular perfusion is reduced only late in the disease. In infants with the congenital nephrotic syndrome of the Finnish type, the primary lesion in podocytes leads to massive proteinuria and is associated with renal tubular toxicity, progressive peritubular capillary rarefaction, and interstitial fibrosis. 3 Proximal tubule epithelial cells in vitro produce inflammatory chemokines when exposed to plasma proteins, and excess protein in the glomerular filtrate is associated with the production of inflammatory mediators including monocyte chemoattractant protein-1 by proximal tubule epithelial cells. 2, 15 Finally, direct, specific sub-lethal injury of proximal tubule epithelial cells with genetically targeted diphtheria toxin is sufficient to elicit a strong peritubular inflammatory response with secondary interstitial fibrosis, peritubular capillary dropout, and glomerulosclerosis. 16 As expression of inflammatory mediators by tubule epithelial cells in this model precedes the interstitial inflammatory and fibrosis responses, it is evident that primary tubular epithelial cell injury can lead to capillary regression and tubulointerstitial fibrosis. 2 However, it also needs to be recognized that inflammatory responses that involve monocyte chemoattractant protein-1-mediated monocytemacrophage recruitment are generally associated with an increase in tissue perfusion and collateral blood vessel formation. 5 It is not clear why inflammatory cells in the renal interstitium do not evoke a similar angiogenic response.
The response to continuous or repeated proximal tubule injury includes a substantial expansion of the number of interstitial myofibroblasts, which in turn lay down the peritubular fibrotic matrix. Some of these cells arise from the tubular epithelium itself through the process of epithelial to mesenchymal transition; some are marrow derived, 17 and even endothelial to mesenchymal transition has been reported. 18 However, there now is strong evidence that myofibroblast accumulation in the renal interstitium during renal fibrosis largely represents the mobilization of vascular pericytes. 19 These cells normally surround peritubular microvessels, but in response to tubular injury, they detach and migrate into the interstitium where they dedifferentiate and proliferate. It has been postulated that the loss of pericytes in association with proteolytic remodeling of capillary basement membrane may destabilize peritubular capillaries and contribute to microvascular regression. 20 
CAPILLARY RAREFACTION RESULTS IN TUBULOINTERSTITIAL HYPOXIA
That rarefaction of the renal microcirculation is associated with tissue hypoxia has been shown indirectly using nuclear hypoxia-inducible factor-1a (HIF-1a) as a marker, or more directly by demonstrating increased binding of pimonidazole, a widely used maker of hypoxic tissues. In rats, hypoxia and increased HIF-1a accumulation in areas of peritubular capillary rarefaction has been described in the progressive anti-Thy1.1 21 and the remnant kidney model. 22, 23 In mice, folic acid nephropathy is associated with hypoxia without increase in HIF-1a abundance, 24 whereas in progressive adriamycin-induced renal injury, an increase of active, nuclear HIF-1a is observed in renal tubular and interstitial inflammatory cells. 25 In aging rats, HIF-1a abundance also increases in areas of peritubular capillary rarefaction. 26 Similarly, in human patients, increased HIF-1a abundance in renal tubular epithelial cells has been described in progressive immunoglobulin A nephrophathy 27 and in progressive proteinuric glomerular diseases. 28 HIF-1 is a dimeric transcription factor consisting of HIF1a/HIF-1b. The HIF-1 dimer activates a number of hypoxiainducible genes. Under normoxic conditions, hydroxylation of HIF-1a by oxygen-sensitive prolyl hydroxylases enhances HIF-1a binding to the von Hippel-Lindau gene product, targeting HIF-1a for proteasomal destruction. Prolyl hydroxylase activity is reduced in hypoxic cells, leading to HIF-1a stabilization and HIF-1 activation. The HIF-1-induced genes include erythropoietin, VEGF, placenta-derived growth factor, angiopoietins 1 and 2, as well as platelet-derived growth factor-b. 29 It is therefore reasonable to expect that hypoxia, via HIF-1 activation, would induce VEGF expression when renal perfusion is reduced by microvascular rarefaction, and that increased VEGF expression would stimulate new blood vessel ingrowth from still functioning vessels. However, although hypoxia and HIF-1 activation are observed, there is essentially no angiogenic response in chronic renal fibrosis.
Renal tubular epithelial cells express VEGF under basal conditions, with a gradient of expression that is lowest in proximal tubule epithelium and highest in medullary collecting duct cells. Hypoxia strongly induces VEGF expression in cultured proximal tubule epithelial cells 30, 31 and in human renal tubular epithelial cells in vivo. 32 However, although microvascular rarefaction may induce hypoxia and activate HIF-1, direct proximal tubule injury with folic acid in mice is associated with increased von Hippel-Lindau gene expression, reduced HIF-1a action, and reduced VEGF expression. 24 Also, despite induction of HIF-1a in the remnant kidney model and in adriamycin-induced chronic renal disease in mice, proximal tubule epithelial cell VEGFA expression is reduced. 25, 33 Similarly, in human kidney with tubulointerstitial fibrosis, VEGF expression is observed in the interstitium but not in atrophic tubular epithelial cells. 32 Thus, although hypoxia is observed in the tubulointerstitial compartment of kidneys, in which the peritubular microvasculature has regressed, atrophic tubular epithelial cells no longer express VEGF. Inadequate VEGF synthesis by renal tubular epithelial cells therefore seems to be a component of the poor angiogenic response in renal fibrosis.
Transforming growth factor-beta 1 (TGF-b1), a major pro-fibrotic cytokine in progressive renal fibrosis, 34 can also stimulate angiogenesis indirectly by inducing VEGFA expresssion 35, 36 and by acting synergistically in the hypoxia response. In kidney fibroblasts, hypoxia stimulates TGF-b1 gene expression, 37 and conversely, in normoxic mesangial cells, TGF-b1 directly induces HIF-1a and HIF-2 protein expression. 38 Furthermore, HIF-1a is stabilized by TGF-b1, 39 and hypoxia and TGF-b1 synergistically induce VEGFA expression. 30, 40 In endothelial cells, HIF-1a interacts with Smad3 to induce VEGF and endoglin expression, 41 and hypoxia induces TGF-b1 gene expression in endothelial cells through HIF-1a.
If TGF-b1 only promoted angiogenesis, synergy between HIF-1 and TGF-b1 could serve to ameliorate capillary rarefaction in progressive renal fibrosis. However, the endothelial cell response to TGF-b1 is complex and can also result in apoptosis and capillary pruning. In endothelial cells, two distinct signaling pathways are activated by TGF-b1 as reviewed in detail elsewhere. 42 The ubiquitous TbRII/ALK5 pathway leads to Smad2/3 phosphorylation, inhibition of endothelial cell proliferation, and activation of apoptosis. By contrast, activation of the endoglin/TbRII/ALK1 pathway leads to Smads1/5/8 phosphorylation, enhancing endothelial cell proliferation and survival. Through dual effects on endothelial cells and by regulating pericyte recruitment, TGF-b1 controls blood vessel pattern and stability. 42 As the TGF-b1 is produced in abundance in the renal fibrosis response to injury, and as TGF-b1 acting via Alk5/Smad3 promotes capillary regression and endothelial cell apoptosis, it seems plausible that capillary regression reflects the antiproliferative, anti-survival TGF-b1 action in endothelial cells. Which of the TGF-b1 pathways is activated in peritubular capillary endothelial cells during renal fibrosis and capillary regression is as yet unclear.
THE ANGIOGENIC RESPONSE
Mechanisms that lead to new blood vessel formation have received massive attention since Folkman 43 first suggested that tumor growth can be limited when angiogenesis is inhibited. Angiogenesis is the formation of new blood vessels by sprouting and elongation from existing vessels. 44 Central to the angiogenic process is the rapid activation of hypoxiainducible factors HIFs in tissues in response to decreased oxygen levels, leading to the production of angiogenic growth factors 29 and inhibition of TGF-b1 signaling in endothelial cells. 45 Angiogenic sprouts then form in the direction of the hypoxic stimulus and a gradient of VEGF and other angiogenic growth factors. Sprouting and elongation of the new vessel is followed by stabilization and vessel specification. 46 Endothelial cells at the tip of the angiogenic sprout, responding to growth factor gradients, determine the direction and pattern of new blood vessel growth. Elongation of the new vessel depends on proliferation of endothelial cells in the stalk of the developing vessel. 47 In the absence of controlled endothelial cell proliferation, a normal vasculature cannot be established, and pathological angiogenesis cannot proceed. 48 A complex array of growth factors and their intracellular signaling systems regulate proliferation of stalk endothelial cells, including VEGFs, 49 fibroblast growth factors, 50 and the angiopoietins. 51 The TGF-b family of proteins are involved in vessel stabilization and the establishment of perivascular cells. 42, 52 The regulation of endothelial cell proliferation during sprouting angiogenesis depends on the activity of the intracellular PI3K/Akt/PTEN axis. 53 Akt is a Ser/Thr kinase that promotes cell survival, proliferation, migration, and angiogenesis by phosphorylating a number of downstream proteins. Constitutively, active Akt induces pathological angiogenesis, 54 and fetal vascularization is impaired in Akt-deficient mice. 55 Akt is phosphorylated on T308 by phosphoinositide-dependent kinase-1 and on S473 by the mTOR complex 2. 56, 57 For phosphorylation to occur, Akt must be recruited to the plasma membrane where it and phosphoinositide-dependent kinase-1 bind phosphatidylinositol (3,4,5) trisphosphate. 58 In turn, phosphatidylinositol (3, 4, 5) trisphosphate is generated by phosphatidylinositol 3-kinase-mediated phosphorylation of phosphatidylinositol 4,5-bisphosphate in response to activation of receptor tyrosine kinases that include VEGFR2 and fibroblast growth factor receptors. 59, 60 Activation of Akt is opposed by the phosphatase and tensin homolog deleted on chromosome 10 (PTEN), which dephosphorylates phosphatidylinositol (3,4,5) trisphosphate. 61, 62 PTEN is a major tumor suppressor deleted in many tumors. Less well known is the fact that PTEN also regulates angiogenesis. 63 Deletion of PTEN causes hyperproliferation of endothelial cells and disordered angiogenesis in mice, 63, 64 and PTEN activation inhibits angiogenesis, favoring the establishment of a stable, differentiated endothelium, or, if excessive, endothelial cell apoptosis. 65 Which of these intracellular mechanisms control capillary endothelial cell sprouting and proliferation during progressive renal fibrosis has not been critically explored so far.
ALTERNATIVE MECHANISMS OF BLOOD VESSEL FORMATION
In the embryo, the first blood vessels form through the process of vasculogenesis, which refers to the homotypic association of hemagioblast cells producing blood islands that then coalesce to form the dorsal aorta and the early cardiac tube. Similarly, in the kidney, the glomerular microvasculature initially develops through the in situ assembly of angioblasts 66 into precapillary cords devoid of vascular lumens. 67 Migration of angioblasts into the capillary cleft of the developing nephron depends on the elaboration of VEGF by immature podocytes and is guided by neuropilin, a semaphorin III receptor that binds VEGF 68 , and by podocyte-derived Ephrin-B2. 69 The typical sprouting angiogenesis observed in ischemic tissues or in the hypoxic tumor environment is not observed in renal glomeruli. Instead, the increase in glomerular size observed in diabetic nephropathy 70 and in response to other stimuli that result in an increase in glomerular capillary loops 71 proceeds through intussusceptive growth. Intussusceptive angiogenesis is defined as the splitting of existing capillaries, which is initiated by the formation of transcapillary cellular pillars. 72 Intussusceptive glomerular capillary repair is observed in the rat model of anti-Thy1.1 glomerululonephritis. 73 Proliferating glomerular endothelial cells tend to remain confined within the existing glomerular capillary basement membrane, and angiogenic sprouts do not appear to penetrate the mesangium. Finally, although podocytes continually produce vastly more VEGF than other differentiated cells in vivo, 74 podocyte-derived VEGF does not serve as a stimulus for sprouting angiogenesis in glomeruli, but instead is required for the formation and maintenance of a properly differentiated, fenestrated endothelium. 75 Although glomeruli usually are not hypoxic, progressive sclerosis with obliteration of capillary lumens is nonetheless observed in most forms of chronic glomerulonephritis and late in diabetic nephropathy. Thus, in glomerular sclerosis, fibrosis is also favored over angiogenesis.
VASCULAR LUMEN FORMATION
In order to survive, new capillaries, whether formed by sprouting angiogenesis or splitting of existing capillaries, must form and maintain vascular lumens, as a failure of blood flow results in regression of capillaries. The formation of vascular lumens progresses through several steps that involve the polarization of endothelial cells through the establishment of vascular endothelial-cadherin-dependent cell-cell junctions, 76 the synthesis and sorting of apical vs. basolateral proteins, organization and anchoring of apical plasma membrane-spanning proteins to cortical actin, 77 and the consequent repulsion of adjacent apical surfaces due to the expression of anti-adhesive sialoglycoproteins, including podocalyxin and CD34 on the apical surface. 76, 78 In glomerular capillaries, the formation of capillary lumens, furthermore, requires the removal of redundant cells through TGF-b1-dependent apoptosis. 67 A critical step in the assembly of the apical endothelial cell structure during vascular lumen formation is the coupling of the cytosolic tail of sialoglycoproteins and other signaling molecules to cortical actin via ERM proteins. 78 ERM proteins generally regulate cell-surface architecture by coupling key transmembrane proteins to cortical actin, serving both structural and signaling functions. 77 In endothelial cells, the main ERM is moesin. 79 Moesin associates with the apical plasma membrane of endothelial cells during the development of vascular lumens, 78, 80 and moesin is critically required for vascular lumen formation in Zebrafish. 80 Recently, a role for chloride intracellular channel (CLIC) proteins in the morphogenesis of endothelial cell tubes and in regulating ERM proteins has been described. CLIC4 is required for hollowing of capillaries in vitro, 81 and in endothelial cells derived from CLIC4-deficient mice, lumen formation is impaired. 82 CLIC1 has a role in branching morphogenesis during vascular development. 83 Furthermore, Chalothorn et al. 84 found that the vascular density is reduced in CLIC4-deficient mice. Although the evidence is still incomplete, the data so far suggest that phosphorylation of moesin is supported by CLIC proteins, and that CLIC4-dependent activation of moesin is required for lumen formation in endothelial cells. The role of adequate vascular lumen formation in the angiogenic response to renal hypoxia or collapse of vascular lumens during microvascular rarefaction in renal fibrosis has not been addressed so far.
A FAILED ANGIOGENIC RESPONSE IN CKD?
It has been postulated that failed angiogenesis may be central to progressive renal fibrosis, whether due to ischemic acute kidney injury, 85, 86 diabetic nephropathy, 87, 88 progressive allograft nephropathy, 4 large-vessel renovascular disease, 89 the nephrotic syndrome, 3 glomerulonephritis, 9 chronic ureteral obstruction, 14 loss of renal mass as in the remnant kidney, 22 or aging. 26, 90 This seemingly ubiquitous failure of a robust angiogenic response to hypoxia raises the question whether powerful anti-angiogeneic mechanisms prevent renal angiogenesis in general. However, a robust angiogenic response with remodeling is observed in patients with adult autosomal polycystic kidney disease, as renal cysts expand and render parts of the renal interstitium hypoxic, 91 and also in patients with renal cell carcinoma where HIF-1a is stabilized due to loss of the von Hippel-Lindau gene product. 92 Also, in the early stages of diabetic nephropathy, glomerular capillary expansion is well described, 88 periglomerular angiogenic vessels have been reported, 93 excess VEGF-driven endothelial cell proliferation is observed, 94 and anti-angiogenic therapy has shown some promise in reducing glomerular hypertrophy. 95 Also, therapies directed at increasing blood flow or endothelial cell proliferation and repair in chronic progressive renal fibrosis 89, 96 have met with some success at preserving the renal microvasculature. Therefore, renal glomerular and peritubular microvascular endothelial cells clearly can respond to angiogenic stimuli, but these mechanisms are inhibited in progressive renal fibrosis (Figure 2 ). Although the process of angiogenesis and vascular growth and remodeling is extremely well studied, the endothelial cell-specific mechanisms that lead to a failed angiogenesis response during renal fibrosis have received relatively little attention to date.
In most tissues, an initial robust angiogenic response to acute hypoxia is followed by progressive fibrosis and vessel regression if hypoxia persists. 11 Hence, the fibrotic response to chronic hypoxia is not unique to kidney. Indeed, that peritubular capillary loss may contribute to progressive renal fibrosis due to persistent, chronic hypoxia, was already suggested in 1975. 97 The fibrosis response to chronic hypoxia is driven, at least in part, by the HIFs, which, in cooperation with TGF-b1, strongly activate remodeling and fibrosis pathways, including epithelial to mesenchymal transition 98 and matrix production by renal tubules 99 and interstitial myofibroblasts. 100 Hence, the same processes that can stimulate angiogenesis also drive the fibrosis response to hypoxia.
We are therefore left with three major potential mechanisms that would favor fibrosis over angiogenesis in CKD (Figure 2 ). First, atrophy or destruction of renal tubular epithelial cells results in reduced angiogenic mediator expression despite HIF-1 activation, blunting the angiogenic response and favoring fibrosis. The work suggesting that pericytes dissociate from peritubular capillaries in response to renal epithelial cell injury, furthermore, suggests that epithelial cells maintain 'their' microvasculture by indirect, pericyte-dependent signals. Similar mechanisms may operate in the glomerulus where loss or destruction of podocytes leads to reduced VEGF availability, and a fibrogenic response by the mesangial 'pericytes.' Second, it is attractive to postulate that excess TGF-b1 in the tubulointerstitial or mesangial compartment triggers endothelial cell apoptosis via the ALK5/Smad3 pathway, resulting in capillary regression. Although TGF-b1 can activate angiogenesis indirectly through VEGF synthesis, and can support endothelial cell survival and proliferation by activating the endotheliumspecific ALK1/Smad1/5/8 pathway, persistently high concentrations of TGF-b1 activate ALK5/Smad3 in endothelial cells, which results in VEGF receptor downregulation and the induction of endothelial cell apoptosis. This process is a part of normal blood vessel pruning and is very likely operating in the fibrotic tubulointerstitium. Third, blood vessel perfusion is a critical determinant of endothelial cell survival. Loss of glomerular perfusion secondary to glomerulonephritis or glomerulosclerosis leads to coordinate regression of the associated peritubular capillary and atrophy of epithelial In chronic kidney disease, the balance is strongly shifted toward tissue fibrosis. CTGF, connective tissue growth factor; EMT, epithelial-to-mesenchymal transition; TGF-b1, transforming growth factor-beta 1. cells in the accompanying tubule. Loss of glomerular perfusion therefore sets up a vicious cycle of postglomerular microvascular regression, chronic hypoxia, and fibrosis.
SUMMARY
Renal microvascular rarefaction is a central phenomenon observed in all forms of progressive renal fibrosis. In part, involution of peritubular capillaries results from the loss of perfusion when glomeruli become sclerotic, and inflammatory mechanisms participate in the destruction of peritubular capillaries. Reduced microvascular blood flow, in turn, results in chronic hypoxia within the renal interstitum. Whereas hypoxia can activate both angiogenesis and fibrotic tissue remodeling, this balance is strongly tipped toward fibrosis in CKD. If it were possible to harness the endothelial cell-specific mechanisms that lead to endothelial cell survival, new vessel formation, and preservation of capillary lumens, it might be possible to halt or even reverse the relentlessly progressive renal fibrosis that so often leads to renal failure.
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